Recently introduced mammalian predators have had devastating consequences for biotas of archipelagos that were isolated from mammals over evolutionary time. However, understanding which antipredator mechanisms are lost through relaxed selection, and how they influence the ability of prey to respond to novel predatory threats, is limited. The varying effects on native lizard populations of the relatively recent and patchy history of mammalian introductions to New Zealand's islands provide an opportunity to examine the consequences of relaxed selection. We assess behavioural patterns and predator detection abilities of native lizards, using chemicals of native reptilian and introduced rodent predators as cues. Focal lizard populations were isolated from predatory mammals for up to 16 million years; some now co-occur with mammals, while others remain in mammal-free locations. A skink species that evolved with mammals and has recently been introduced to New Zealand is included for comparison. Lizard behavioural patterns were correlated with recent and historical experience of mammals. Lizards always isolated from mammals exhibited the most antipredator freeze behaviour, whereas one that coevolved with mammals exhibited greatest activity (movements). However, predator chemical cues did not induce specific antipredator responses in any species indicating that these behavioural patterns are not linked to chemosensory predator detection alone.
Introduction
Evolutionary isolation from common predator guilds may lead to relaxed selection and the loss of costly antipredator traits and behaviours among prey species (Coss 1999; Magurran 1999; Blumstein 2002; Blumstein & Daniel 2005; Epp & Gabor 2008; Gall & Mathis 2010; Sih et al. 2010) . Human-mediated dispersal of predators has often resulted in range contractions and extinctions of prey species that have been geographically isolated from these predators historically (Cassels 1984; Worthy & Holdaway 2002) . Investigating how predators influence antipredator traits is essential to understanding why certain species are particularly vulnerable to novel predators (Bunin & Jamieson 1996; Blumstein 2002) . Archipelagos that were evolutionarily isolated from mammals and to which mammals have recently been arbitrarily transported provide a powerful context to test questions concerning the consequences of isolation from a predator guild. Lizards in New Zealand with varying histories of exposure to predatory mammals provide an opportunity to test the roles of coevolution and recent experience with a mammalian predator guild in determining behavioural patterns and predator detection abilities.
Endemic New Zealand reptiles have undergone a precipitous decline since the arrival of humans (Towns & Daugherty 1994 ). The decline is primarily attributed to predation by introduced mammals (e.g. Cassels 1984; Case & Bolger 1991) . New Zealand reptiles did not encounter predatory mammals for up to 16 million years, prior to human contact c. 800 years BP (Wilmshurst et al. 2008) . Islands never reached by mammals or from which mammals are removed often support high lizard diversity and abundance (e.g. Daugherty et al. 1990; Towns 1996; Hoare et al. 2007b) . For example, 41% of the 65 extant endemic reptile species in New Zealand now survive largely or entirely on rat-free offshore islands (Towns & Daugherty 1994) . In contrast, reptiles that coevolved with mammals have not been so susceptible to invasive mammals (Gibbons et al. 2000) .
New Zealand lizards coevolved with primarily visual native predatory birds, other lizards and tuatara (Sphenodon punctatus) as predators (Meyer-Rochow 1988; Meyer-Rochow & Teh 1991; Worthy & Holdaway 2002) . The visual crypsis and secretive behaviours exhibited by native lizards (e.g. Hare et al. 2007 ) are presumably the results of strong selective pressure to avoid detection by native predators. However, this strategy may be unsuitable for the avoidance of novel mammalian predators that hunt primarily using scent and have a speed advantage over ectothermic prey, particularly in cool temperate locations (Armsworth et al. 2005; Hare 2005) . Chemosensory predator detection is common among squamate reptiles (Burghardt 1970; Cooper & Burghardt 1990 ), particularly to facilitate avoidance of snake predators (Downes & Shine 1998; Downes & Adams 2001; Amo et al. 2004) . Chemosensory mechanisms used by lizards to avoid mammalian predators are poorly researched (Kats & Dill 1998 ; but see Cowles 1938) , reflecting a broader lack of olfactory studies available to inform conservation (Campbell-Palmer & Rosell 2011) . Endemic diurnal geckos, Naultinus manukanus, show some ability to detect strong (faecal) cues of native reptilian predators (tuatara) as well as conspecifics and food (Hoare et al. 2007a) , suggesting that New Zealand lizards can use chemosignals for a range of purposes, possibly including their antipredator behaviour. However, the extent to which New Zealand lizards are able to detect and behaviourally respond to native and introduced predators using chemosensory cues is unknown. In the absence of nearly all terrestrial predators (exceptions being tuatara and some native flightless birds, e.g. weka Gallirallus australis), selection on chemosensory abilities of New Zealand lizards may have been relaxed, resulting in their loss. Geckos are thought to have colonised New Zealand 40.2-24.4 million years ago from Australia and skinks ~18.3 million years ago from New Caledonia via overwater dispersal and island hopping (Chapple et al. 2009; Nielsen et al. 2011; Chapple & Hitchmough 2016) . Thus, both groups have been isolated from mammalian predators for several millennia. Groups of lizards in New Zealand provide an opportunity to investigate both behavioural and chemosensory consequences of evolution without selective pressure from mammalian predators as: (1) native geckos and skinks evolved in isolation from mammalian predators; and (2) an introduced skink (plague or rainbow skink Lampropholis delicata) coevolved with mammals in Australia.
Native lizards are located on the New Zealand mainland (North and South Islands) and offshore islands with different histories of exposure to mammals. Kiore, Rattus exulans, and kurī, Canis familiaris, have been present on mainland New Zealand for ~800 years (Wilmshurst et al. 2008) , and another 30 species of mammals introduced by European settlers have established in the past c. 200 years (King 2005) , though a number of offshore islands remain mammal-free.
We investigate the ability of lizards to recognise chemicals of predatory tuatara, a reptile endemic to New Zealand, and ship rats, R. rattus, which established in the North Island after 1860 (King 2005) . The scope of this study is limited to odour-related behaviour. We test whether experience of, and evolution with, mammalian predators determines behavioural patterns and chemosensory predator recognition abilities of lizard prey by addressing the following questions.
(1) Do predator detection abilities vary among species isolated from mammalian predators? We compare four lizard species on a mammal-free offshore island. The species encompassed skinks and geckos, including species that are rare or common at locations where they now coexist with mammals.
(2) Do behaviours and predator detection abilities vary across populations of the same species according to recent exposure to mammalian predators? We compare populations of widespread and abundant native skinks and geckos from proximate geographic locations that are either affected by introduced mammals or mammal-free. (3) Does coevolution with mammalian predators influence lizard behaviours and predator detection abilities? We compare native skinks that were evolutionarily isolated from mammalian predators with an introduced skink that coevolved with mammals and snakes.
Methods

Study sites
The study sites comprised two North Island locations where introduced mammals are present, Pukerua Bay and Turakirae Head, and two mammal-free locations, North Brother Island (4 ha) and Stephens Island (150 ha) in adjacent Cook Strait ( Fig. 1 ; maximum distance between sites 100 km). The North Island sites are inhabited by a diverse range of introduced mammals, including rodents, mustelids and cats (Felis catus) (King 2005) . Mammals never reached North Brother Island. Cats were introduced to Stephens Island in the late 19th century and spread quickly, but lighthouse keepers eradicated them by 1925 (Brown 2000) and the island has remained free of predatory mammals since then. Introduced plague skinks, which coevolved with mammalian predators as well as birds and reptiles, were collected from the Otara and Mount Wellington suburbs in Auckland, North Island (Fig. 1) . Rainbow skinks were accidentally introduced into New Zealand from Australia in the 1960s, probably via movement of cargo (Gill & Whitaker 1996) , and are now well established in much of the North Island, although have only recently reached the Marlborough region of the South Island where eradication attempts are underway (Tingley et al. 2016; R. Hitchmough, Department of Conservation, pers. comm.) .
Under a pre-human predation regime, predators of native New Zealand lizards were predominantly birds, especially kingfishers (Halcyon sancta), owls, gulls, rails, harriers, adzebills and larger reptiles, including tuatara (Whitaker 1972) . After mammals were introduced to New Zealand, tuatara and some larger lizard species became extinct on the mainland and were restricted to mammal-free outlying islands, such as North Brother and Stephens Islands. Thus, mammals (especially rodents, cats and mustelids; King 2005) have replaced larger reptiles as lizard predators throughout much of New Zealand. In the absence of data, we assume that the intensity of bird predation is approximately equivalent at both mammalaffected and mammal-free sites (because the prevalence of introduced birds offsets loss of native bird abundance caused by mammalian predation).
Study species
Behaviours of the widespread and abundant common skinks, Oligosoma polychroma (Chapple et al. 2009 ), and Raukawa geckos, Woodworthia maculata, sourced from mammal-free Stephens Island were compared with those of sympatric populations of rare, speckled skinks, O. infrapunctatum, and Marlborough green geckos, N. manukanus. The New Zealand threat classification system ranks both speckled skinks and Marlborough green geckos as 'Declining' due to human activities . Common skinks and Raukawa geckos were collected from all Cook Strait sites, encompassing mammal-free and mammal-affected sites, to investigate intraspecific variation in behaviours and predator detection abilities. Introduced plague skinks were used as an out-group that coevolved with mammals and compared with common skinks. Plague skinks can use chemosensory cues to respond to snake predators in their native range (Downes & Hoefer 2004) .
All skinks and geckos used in this study were captured through pitfall trapping or hand searching. Raukawa geckos and common skinks were captured between November 2003 and May 2005 (see Table 1 for capture dates and sample sizes). Lizards from the less common species, Marlborough green geckos and speckled skinks, were also captured on Stephens Island in November 2003 (Table 1) . Additionally, introduced plague skinks were captured in Auckland in October 2005 (Table 1) . Although seasonal differences in sampling were unavoidable, samples from within each treatment were spread across the seasons, and the inactive phase during winter months was avoided (Table 1) . Sex was determined by external examination (geckos) or hemipene eversion (skinks), reproductive condition of females was assessed by palpation, and snout-vent length (to 1 mm) and mass (to 0.1 g for lizards <30 g, and 0.5 g for lizards >30 g) were measured. Lizards captured on Stephens and North Brother Islands were held temporarily in captivity (in temporary laboratories inside buildings) on the respective islands for behavioural trials. Those from mainland sites were transported by vehicle in cotton bags inside a cool, ventilated container to either the Victoria University of Wellington (VUW; lizards from Pukerua Bay and Turakirae Head) or the Albany campus of Massey University (MU; plague skinks from Auckland) for behavioural trials.
All lizards were kept individually in 2 L plastic containers with 1 × 1 mm wire mesh (165 × 120 mm) in the lid for ventilation and to enable basking. Food and water were supplied ad libitum, the food consisting of mealworm larvae (Tenebrio molitor) and/or pureed pear. On the two islands, lizards were kept under natural light and temperature (9.0°C to 26.3°C) conditions; at VUW temperature of the room ranged from 13.6°C to 22.6°C, and photoperiod was on a 12:12 light:dark cycle (on at 0600 h); at MU skinks were kept under natural light and temperature (16.7°C to 23.2°C) conditions. We minimised the time lizards were held in captivity for this research as much as possible (range 7 to 19 d) and returned them to the wild at their exact point of capture. Downes and Shine (1998) , and has successfully evoked antipredator responses in Australian and native New Zealand geckos (Downes & Shine 1998; Hoare et al. 2007a ). The experimental methodology follows the same procedures used for adult N. manukanus described in Hoare et al. (2007b) ; brief methods and differences are explained here. The experimental arena was a clear plastic enclosure (280 × 250 × 210 mm, L × W × H) containing a plain cotton cloth of the same dimensions as the base of the enclosure and covered with the scent to be tested. After being thoroughly washed, this cloth was treated in one of four ways (Hoare et al. 2007a ): (1) negative control, no scent; (2) positive (chemical pungency) control, cloth was sprayed with commercial cologne ('Smiley') and air-dried; (3) tuatara scent, cloth was sprayed with a solution of tuatara urine and faeces; and (4) rat scent, cloth was sprayed with a solution of ship rat urine and faeces. The same dose was applied to each cloth by depressing the trigger of the bottle containing predator scent or cologne the same number of times to avoid any dose-dependent effects. Predator odours derived from urine or faeces have frequently been used in studies of predator recognition. Although a small number of recent studies suggest that skin and fur-derived predator odours may have a more profound lasting effect on prey species than urine or faeces (Apfelbach et al. 2005) . We were restricted to using urine and faeces due to availability and consistency across both taxonomic groups of predators. Samples were collected from both captive (at VUW) and wild-caught (from Stephens and North Brother Islands) tuatara and captive rats (from Ngā Manu Nature Reserve, Waikanae). Ship rats are known predators of Raukawa geckos (Hoare et al. 2007c) , and likely predators of other New Zealand lizards. A recent debate over the diet of predators influencing responsiveness of prey (e.g. Nolte et al. 1994; Murray et al. 2004; Wirsing et al. 2005 ) led us to take a cautious approach to feeding the predators whose urine and faeces were used as the chemical cues in experiments of lizard responsiveness. We fed captive tuatara and rats diets of invertebrates and/or grains, and never lizards. Wild-caught tuatara may have consumed lizards; gecko and skink remains are found in c. 3% of tuatara scats on Stephens Island (Walls 1981) . Tuatara were caught by hand, transported to laboratory facilities (at VUW and on islands) in cotton catching bags and housed overnight in a ventilated enclosure (800 × 400 × 400 mm, L × W × H) with water. Faecal and urine samples were passively collected the next morning and tuatara released either in the captive facility (VUW) or at their point of capture (islands). Rats were not captured, but their urine and faeces were collected from the enclosure in which they are held at Ngā Manu Nature Reserve.
All behavioural trials were conducted during daylight hours except for 10 Raukawa geckos, which were tested at night. Geckos in the genus Woodworthia are diurno-nocturnal, exhibiting extensive indirect basking during the day as well as being active at night (Gibson et al. 2015) and show no strong pattern in metabolic rate over a 24-hour period (Hare et al. 2006) . Testing a subset of geckos at night enabled us to evaluate any behavioural differences associated with time of day.
Behaviour of lizards was observed continuously for 8 minute (duration determined based on pilot study; see Hoare et al. 2007a ) periods using an observational data logging programme that we created in collaboration with Edwin Hermann, Victoria University of Wellington ('AnimalSpy', version 1.1.0) to record behaviour directly onto the computer. Prey animals may exhibit a suite of behavioural responses following exposure to predators, including direct displacement and alterations in movement or activity patterns (e.g. Lima & Dill 1990) . For example, lizard avoidance of mammalian predators can include running, remaining motionless, vibrating the tail laterally against the substrate, defecating and/or vocalising (Daniels et al. 1986 ). In contrast, we expect normal maintenance behaviour of lizards to include a greater proportion of slow, stalking walk behaviour and snout licking. Therefore, we chose to measure a variety of behavioural actions that represent both antipredator defences and normal maintenance behaviours, but acknowledge that a full spectrum of antipredator responses could not be measured (e.g. apprehension). The relative proportions of these behaviours were used to indicate responsiveness to chemical stimuli. Either the duration (in s; 1 to 10) or the frequency (11 and 12) of the following spatial use, behavioural and locomotor acts was recorded.
(1) On cloth: the lizard is on the test substrate placed on the base of the enclosure (no more than one foot is off the horizontal surface). Location of the lizard in the test arena (1-3) and behavioural/ locomotory acts (4-10) were recorded continuously throughout the behavioural trial. Instantaneous actions (11-12) were recorded as count data when they occurred. Chemosensorymediated antipredator responses could take one of two major forms: (1) an increase in freeze behaviour and decrease in activity, or (2) an increase in escape activity (to spatially avoid the predator), including running, walking, climbing or nudging the wall. We would expect either response to be accompanied by an increase in vomerolfactory sampling (as measured by tongue flicking rate) and decreased maintenance behaviour (slow walking, non-directional movement of head, limbs and tail, and snout-licking).
Lizards were conditioned to experimental procedures (using the methodology outlined in Hoare et al. 2007a ) to minimise the effect of a novel environment on behaviour Hare et al. 2004 ). Conditioning for a minimum of one trial has proven effective for this type of experiment for N. manukanus (Hoare et al. 2007a) . Each native lizard performed each of the four scent tests in a randomly selected order, and performed a maximum of one trial per day. Introduced plague skinks were trialled with only rat scent and controls, as tuatara scent was not considered ecologically relevant to them. Ambient temperature was measured at the start of each trial and included in analyses.
Statistical analyses
Data were analysed in the statistical programme 'R' (R Program, version 2.3.1). Continuous data (lizard position and activity) were converted to proportions of total time spent in each activity and the square roots of count data (tongue flicks and snout licks) were taken to normalise data for analyses.
Native common skink and common gecko intraspecific comparisons
Initially, multivariate analyses of variance (MANOVAs), using the F approximation to the Wilks test, were performed to assess (1) reproductive condition of females (as it influences behaviour in some lizard species; Downes & Bauwens 2002) , and (2) time of trial (day or night), in explaining variation in behavioural acts (the dependent variables). Datasets for these tests comprised: (1) female Raukawa geckos from Stephens Island and North Brother Island, in which a subset of females were pregnant during behavioural tests (sample sizes in Table  1 ); and (2) Raukawa geckos from Pukerua Bay, 10 of which were trialled during the night and 19 during the day. Scent, individual and temperature were included as factors in both analyses. An interaction term between scent and the factor being tested (reproductive condition and day/night trial, respectively) was also included. Additionally, site was included as a factor when testing for the significance of pregnancy, and sex was included when testing the influence of activity phase. Linear mixed effects models were used to examine univariate effects where MANOVAs were significant.
A MANOVA was also used to assess the overall importance of presence or absence of introduced mammals at sites, scent, species, temperature, the site and individual variation on behaviour. All data were used in this analysis, after excluding geckos trialled at night (see Results). As species-specific behavioural differences were found (gecko or skink; F 10,505 = 229.5, P < 0.001), separate MANOVAs including the same factors were performed for each species.
Species-specific linear mixed effects (LME) models were then used to examine univariate differences in behaviour. In these models, the presence or absence of mammalian predators, the scent stimulus, ambient temperature and site were tested as main effects, combined as interaction terms, and compared against a null model. Individual was included as a random effect in all models. The model which best predicted lizard behaviour was chosen using Akaike's Information Criteria (AIC; Akaike 1973; Burnham & Anderson 1998) , and significance of model components was verified using univariate ANOVAs. Site is nested within the presence or absence of mammals (predation regime) and includes more detail. However, if site is selected in the best AIC model it does not exclude attributing variance to the predation regime.
Interspecific comparisons
We compared the responses of rare vs common lizards (geckos and skinks, in separate analyses) to scent stimuli using MANOVAs which included individual, temperature, scent stimulus and an interaction between scent stimulus and species as factors. Responses of New Zealand common skinks and introduced Australian plague skinks were compared in a MANOVA with the same fixed factors, though using predation history instead of species, to separate common skink populations according to exposure to mammals. Univariate LME models were used to seek more detail on behavioural differences between common and plague skinks; these included significant factors from the MANOVA.
Results
Geckos were more active than skinks during trials, spending on average 43% of time moving about the enclosure, compared with 21% of time by skinks (data presented are for common species and trials from all sites pooled using only a negative scent control; Fig. 2 ). Running by either skinks or geckos was infrequently observed, and skinks seldom walked (Fig. 2) ; therefore, significant variation in these activities was treated with caution. Unsurprisingly, geckos also spent more time climbing on the walls of the enclosure. Rate of tongue flicking of skinks was twice that of geckos, but skinks did not exhibit the maintenance behaviour of snout licking, which averaged 5 licks per 8 min trial in geckos (Fig. 2) . Reproductive condition of female lizards did not alter their overall behaviour (F 10,120 = 1.261, P = 0.256) or response to scent stimuli (F 30,352.9 = 1.269, P = 0.266). Therefore, we pooled pregnant and non-pregnant female lizards in further tests. Time of trial (day-night) influenced behaviour of the primarily nocturnal Raukawa geckos (F 10,91 = 7.729, P < 0.001). Geckos showed a greater tendency to climb (t 27 = 2.406, P = 0.023) and spent less time motionless (t 27 = -3.272, P = 0.003) during their active phase at night. Only geckos that were trialled during daylight hours were included in further analyses, even though responses to scent stimuli did not differ according to time of trial (F 30,191 .46 = 0.647, P = 0.921).
Do predator detection abilities vary among species isolated from mammalian predators?
Under a natural predation regime, on mammal-free Stephens Island, we found no interspecific variation in chemosensory predator recognition abilities of either skinks or geckos according to whether a species was rare or common (Table 2) . Table 2 . Summary of hypotheses, experiments and results for the factors influencing behaviour of New Zealand lizards, which were isolated from predatory mammals over evolutionary time (80 million years). Widespread and abundant endemic geckos, Woodworthia maculata, and skinks, Oligosoma polychroma, from mammal-free sites and those affected by introduced mammals were used in the main experimental design. Range restricted and relatively rare endemic geckos, Naultinus manukanus, and skinks, O. infrapunctatum, were used for comparative purposes. The invasive Australian skink, Lampropholis delicata, was used as an out-group. Sample sizes are provided in Table 1 tail and limbs in response to novel and rat cues (ANOVAs: P < 0.05; Fig. 5 ).
F. Co-evolution with
We compared behaviours of introduced Introduced skinks were more active than native skinks; mammals results in greater L. delicata vs. native O. polychroma.
they spent more time slow walking, walking and lizard activity among nudging wall, and less time motionless (ANOVAs: P < lizards.
0.05 for all).
__________________________________________________________________________________________________________________________________________________________________ Therefore, the results presented hereafter pertain to common skinks and Raukawa geckos, unless otherwise stated.
Do behaviours and predator detection abilities vary within species according to recent exposure to mammalian predators?
Common skink behaviour was not related to the scent stimulus presented (F 30,760 .89 = 0.767, P = 0.811), so scent was excluded from univariate models. Behavioural variation among common skinks was attributable to the presence or absence of mammals (F 10,259 = 12.862, P < 0.001), the site (F 10,518 = 2.194, P = 0.002), the ambient temperature (F 10,259 = 5.310, P < 0.001) and sex (F 10,259 = 2.261, P = 0.015), though no specific behavioural activity was correlated with temperature or sex.
Site-specific differences in skink behaviours (Table 3) were primarily attributable to the presence or absence of mammals at a site (Fig. 3) . Skinks from the two sites where mammals are present, Pukerua Bay and Turakirae Head, showed a greater tendency to stand up against the walls of the test enclosure (Fig. 3a) , rather than using its base, relative to those from the mammal-free locations. Skinks from the same mammalaffected populations also showed a tendency to be more active during trials: they spent a greater amount of time walking (Fig. 3b) , nudging the wall of the test enclosure, and moving head and limbs. Conversely, skinks from locations in which These results must be treated with caution, as the behaviours were rarely performed (Fig. 2) . (Table 3) . Boxplots include the median (thick black line), first and third quartiles (upper and lower sides of the box), 1.5 * interquartile range (whiskers) and outliers (circles beyond the whiskers).
mammals are present spent less time motionless than those from mammal-free locations (Fig. 3c) . More lingual sampling of the substrate was conducted by skinks from locations where mammals are present (Fig. 3d) . In contrast to skinks, behavioural variation among gecko populations was attributable to the scent stimulus presented (F 30,1180 .6 = 1.722, P = 0.009), as well as the presence or absence of mammalian predators (F 10,402 = 29.879, P < 0.001), the site from which they were sourced (F 20,804 = 9.121, P < 0.001) and ambient temperature (F 10,402 = 19.306, P < 0.001). Behaviours of adult geckos were not related to sex. Higher temperatures induced greater lingual sampling (t 311 = 2.400, P = 0.017), particularly among geckos from sites where mammals were present (t 311 = 6.260, P < 0.001). Additionally, higher temperatures during experiments resulted in geckos spending less time on the base of the test arena (t 309 = -2.024, P = 0.044).
Our finding that the scent stimuli presented to geckos influenced their positions within enclosures (Table 3) was driven primarily by cologne (the positive control) inducing geckos to spend more time on the enclosure walls (climbing) and less on the scent cloth than either a negative control or predator chemical cues (Fig. 4b) . Tuatara (native predator) chemical cues produced a similar, yet weaker, response. Scentinduced differences in behavioural activities were attributable to rat (introduced predator) cues triggering a running response (though geckos rarely ran; Fig. 4a) , and both the positive control and predator scents resulting in greater climbing (Fig. 4b) and movement of the head and limbs, than a negative control. Geckos from Turakirae Head licked their snouts more often in response to rat cues, and those from Pukerua Bay licked less often in response to tuatara cues.
Site-specific differences in gecko activity were driven primarily by differences between sites with introduced mammals present when compared with mammal-free sites. Geckos from sites where mammals were present (Pukerua Bay and Turakirae Head) spent more time walking (Fig. 4c) and running, and snout-licked more frequently (Fig. 4d) , than those from sites where mammals were absent. Geckos from Pukerua Bay spent less time nudging the enclosure wall than geckos from other sites.
Does coevolution with mammalian predators influence lizard behaviours and predator detection abilities?
Introduced plague skinks, which co-evolved with mammals, differed from native common skinks in their behavioural responses to scent stimuli (F 16,372 = 2.952, P < 0.001). These differences were attributable to plague skinks spending more time moving head, limbs and tail in response to both a novel scent (positive control) and rat chemical cues (t 194 = 2.512, P = 0.013 and t 194 = 2.847, P = 0.005, respectively) and elevating tongue flicking in response to a novel scent to a greater extent (t 194 = 3.264, P = 0.001) than common skinks. Additionally, plague skinks were more active than common skinks across a range of activities in trials, and their lingual sampling of the substrate was more frequent (Table 2 ; Fig. 5 ).
Discussion
Chemoreceptive abilities of New Zealand lizards
We find little evidence to suggest that New Zealand lizards detect and respond to native or introduced predators using chemical cues from urine or faeces alone. We acknowledge that multiple predator stimuli including direct cues (e.g. visual, auditory) that indicate imminent predation risk may be needed to elicit a full antipredator response. However, ectotherms in a cool temperate climate are severely limited by environmental temperature in their ability to escape from a predator. As such, New Zealand lizards could reasonably be expected to respond to indirect cues alone, as has been demonstrated for other lizards (Downes & Shine 1998; Downes & Adams 2001) .
Skinks do not appear to differentiate at all between scent stimuli presented, while geckos show some scent recognition, but respond to a novel cue at least as much as they do to predator chemical cues. The only indication that geckos may respond differentially to predator scent was an increase in running escape behaviour in response to rat chemical cues. However, as running activity among geckos was negligible and not accompanied by an increased frequency of lingual sampling, the correlation is unlikely to be biologically meaningful. Dumont (2015) found that common skinks and glossy brown skinks (O. zelandicum) showed similarly little avoidance behaviour in response to experimental presentation of the scent of other predatory mammals (ship rats or hedgehogs Erinaceus europaeus).
Chemical cues of a native, ground-dwelling reptile (tuatara) did not elicit a specific antipredator response in sympatric native gecko or skink populations, with which they coevolved. In contrast, skinks and geckos elsewhere often show strong aversion to chemical cues of reptilian predators. For example, Australian skinks, Eulamprus heatwolei, avoid predatory snakes and invertebrates (Head et al. 2002) and geckos, Oedura lesueurii, show antipredator responses to snake predators (Downes & Shine 1998; Downes & Adams 2001) . Our finding provides support for the hypothesis that chemosensory mediated antipredator behaviours are not well developed in New Zealand lizards, which have experienced relaxed selection pressure on this trait (i.e. native predators (birds, tuatara and larger lizards) are primarily visual predators; Meyer-Rochow 1988; Meyer-Rochow & Teh 1991; Worthy & Holdaway 2002) .
Chemoreception alone does not appear to mediate detection or avoidance of mammalian predators of New Zealand lizards, irrespective of coevolution or experience of this predatory threat (this study ; Dumont 2015) . Despite prey avoidance of predator chemical cues being demonstrated across a wide range of taxa, the role of chemoreception in the detection and avoidance of mammalian predators by reptiles has received little attention (Kats & Dill 1998) . However, novel defensive postures by rattlesnakes, Crotalus cerastes and C. oreganus, in response to chemical cues of skunks, Spilogale phenax phenax (Cowles 1938) , indicate that chemoreception is used by some reptiles to avoid mammalian predators. Furthermore, several sit-and-wait predatory snakes show a chemosensory ability to detect mammalian prey. For example, timber rattlesnakes, Crotalus horridus, show elevated tongue flicking rates and a greater tendency to adopt ambush postures to chemical cues from a range of mammalian prey, including ship rats (Clark 2004) , and rodent saliva elicits higher tongue flicking rates and tendency to strike in both brown tree snakes, Boiga irregularis, and prairie rattlesnakes, C. viridis (Chiszar et al. 1997) .
There are two main reasons for the differences in snake and lizard antipredator responses to mammalian scent: (1) chemosensory abilities of snakes are more highly developed than those of other squamate reptiles, and evolution of chemoreception is conservative (e.g. Schwenk 1995); and (2) chemosensory detection of widely foraging predators may not accurately reflect predation risk (Head et al. 2002) , particularly during the active phase of the predator.
Behavioural patterns of lizards living in sympatry vs. allopatry with introduced mammals
Although the behavioural patterns of New Zealand lizards do not appear to be mediated by chemoreception alone, they are highly correlated with the predator regimes to which they are exposed. The presence or absence of mammals from a site had far greater explanatory power for behavioural differences than did environmental factors, as evidenced by the statistical modelling. Recent coexistence with predatory mammals seems to have induced a shift among lizards from antipredator freeze behaviour towards greater activity. The trend was exemplified by a behavioural comparison between common and plague skinks, the latter of which coevolved with mammalian predators (Fig. 5) .
Behavioural differences between wild populations of native Duvaucel's geckos that are sympatric with introduced rats and those under a natural predation regime (Hoare et al. 2007b ) support this lab-based evidence. Our findings suggest that when predatory mammals are introduced into a system formerly dominated by avian predators, they induce a shift from primarily visual antipredator strategies (freeze behaviours and crypsis) that enable avoiding detection (e.g. Hare et al. 2007) to one in which escape behaviours also play an important role.
Similar behavioural shifts are induced by introduced predators in a range of prey species and may indicate adaptation of some prey species to novel selective pressures (reviewed by Strauss et al. 2006) . For example, predatory cats induce greater wariness among lava lizards, Tropidurus spp., in the Galápagos archipelago (Stone et al. 1994) . Variation in antipredator responses, and the ability to behaviourally adapt to novel selective pressures, enable some evolutionarily naïve prey species to coexist with exotic predators (Stone et al. 1994; Bunin & Jamieson 1996) . However, such adaptations may ultimately lead to the loss of behavioural diversity and altered evolutionary trajectories.
Conclusion
Investigation of the consequences of evolution in isolation from mammals has revealed that behaviours of lizards exposed to predation pressure from introduced mammals differ markedly from those under a natural (bird-and reptiledominated) predation regime. However, predator chemical cues do not appear to induce specific antipredator responses in lizards, indicating that these behavioural patterns are not linked to chemosensory predator detection alone. Our findings support field evidence that lizards that evolved in isolation from mammalian predators use spatial avoidance behaviour to persist in sympatry with these novel predators (Hoare et al. 2007b ), but the mechanisms through which they detect introduced mammals are yet to be discovered.
